We present a model for launching relativistic jets in active galactic nuclei (AGN) from an accreting Kerr black hole (BH) as an effect of the rotation of the space-time, where the gravitational energy of the accretion disc inside the ergosphere, which can be increased by the BH rotational energy transferred to the disc via closed magnetic field lines that connect the BH to the disc (BH-disc magnetic connection), is converted into jet energy. The main role of the BH-disc magnetic connection is to provide the source of energy for the jets when the mass accretion rate is very low. We assume that the jets are launched from the disc inside the BH ergosphere, where the rotational effects of the space-time become much stronger, being further accelerated by magnetic processes. Inside the ergosphere, we consider a split topology of the magnetic field, where parts of the disc connect to the BH and other parts to the jets via magnetic field lines. The rotation of the space-time channels a fraction of the disc energy (i.e., the gravitational energy of the disc plus the rotational energy of the BH which is deposited into the disc by magnetic connection) into a population of particles that escape from the disc surfaces, carrying away mass, energy and angular momentum in the form of jets, allowing the remaining disc gas to accrete. In this picture, the BH can undergo recurring episodes of its activity with: (i) a first phase when the accretion power dominates and (ii) a second phase when the BH spin-down power dominates. In the limit of the spin-down power regime, the model proposed here can be regarded as a variant of the Blandford-Znajek mechanism, where the BH rotational energy is transferred to the disc inside the ergosphere and then used to drive the jets. As a result, the jets driven from a disc inside the BH ergosphere can have a relatively strong power for low mass accretion rates. We use general-relativistic conservation laws to calculate the mass flow rate into the jets, the launching power of the jets and the angular momentum transported by the jets for BHs with a spin parameter a * 0.95. As far as the BH is concerned, it can (i) spin up by accreting matter and (ii) spin down due to the magnetic counter-acting torque on the BH. We found that a stationary state of the BH (a * = const) can be reached if the mass accretion rate is larger thanṁ ∼ 0.001. The maximum value of the BH spin parameter depends oṅ m being less but close to 0.9982 (Thorne's model). In addition, the maximum AGN lifetime can be much longer than ∼ 10 7 yr when using the BH spin-down power.
INTRODUCTION
Relativistic jets are highly collimated plasma outflows present in extragalactic radio sources, which are associated with many AGN. If the matter accreted by a BH (at the cen-⋆ Member of the International Max Planck Research School (IM-PRS) for Astronomy and Astrophysics at the Universities of Bonn and Cologne; E-mail: idutan@mpifr-bonn.mpg.de tre of an AGN) has enough angular momentum compared to that of a particle moving in a circular orbit around and near the BH, an accretion disc can be formed. The launching power of the AGN jet can generally be provided by the accretion disc, by the BH rotation, or both. Moreover, as the jet is launched, the BH can evolve towards a stationary state with a spin parameter whose maximum value is less but close to one (a * 1, where −1 a * +1). One can consider the launching power of the jet to be a fraction of the disc power. A number of questions come to mind: Is this fraction generally valid for astrophysical jets from BHs with the same mass and spin? Can the disc manage to launch the jet by itself as the BH accretes at low rates? How does the magnetic field get involved? Can the BH take over and support the disc to launch the jet as the mass accretion rate goes down? How does the BH spin evolve while the jet is launched, and what is the maximum spin parameter in this case? We try to answer these questions using the model proposed in this paper.
A super-massive BH (M ∼ 10 9 M⊙) can be fed and spun up by accreting matter with a consistent sense of the angular momentum [the first calculations for a Kerr BH were performed by Bardeen (1970) ] or by merging with another BH (e.g., Berti & Volonteri 2008; Gergely & Biermann 2009 ). The general relativistic effects on the structure of the inner regions of an accretion disc surrounding a Kerr BH were first studied by Novikov & Thorne (1973) and Page & Thorne (1974) using Bardeen et al.'s (1972) orthonormal frames of the locally non-rotating observers. These studies resulted in a geometrically thin, optically thick accretion disc model [see also Shakura & Sunyaev (1973) for a quasi-Newtonian approach to the description of the disc accretion on to a Schwarzschild BH]. This is known as the standard, thinaccretion disc model. The model assumes that the disc is quasi-Keplerian (i.e., the radial pressure is negligible and the radial velocity of the flow is much smaller than its azimuthal component), and extends to the innermost stable (circular) orbit [see Bardeen et al. (1972) for details on the orbits around a Kerr BH] . The disc is driven by internal viscous torque, which transports the angular momentum of the disc outwards, allowing the disc matter to be accreted on to the BH. It is assumed that the torque vanishes at the innermost stable orbit, so that the disc matter plunges into the BH carrying the specific energy and angular momentum that it has had at the innermost stable orbit. In the general relativistic regime, accretion on to the BH implies the conversion of the rest-mass energy of the infalling matter in the BH potential wall (i.e., the gravitational energy of the accretion disc) into kinetic and thermal energy of the accreted mass flow. If the thermal energy is efficiently radiated away, the orbiting gas becomes much cooler than the local virial temperature, and the disc remains geometrically thin. In the inner regions of the disc, the radiation pressure dominates the gas pressure. The opacity is dominated by electron scattering; i.e., the photons random-walk before leaving the disc as they scatter off of electrons. Since the half-thickness of the disc at a given radius, r, is much smaller than the radius itself, h(r) ≪ r, the disc structure can be described through one-dimensional (1-D) hydrodynamic equations which are integrated in the vertical direction. Donea & Biermann (1996) developed a model of thin accretion disc driven jets, which can explain the shape of UV spectra from an AGN when the disc is sub-Eddington. Models of jet/wind formation from an accretion disc typically invoke specific magnetic field structures, as the synchrotron radio emission observed in (extra)galactic jets is possible only if magnetic fields are present. The jet can be launched and collimated, for instance, by centrifugal and magnetic forces (e.g., Blandford & Payne 1982) . A possible condition for centrifugal launching of jets from a thin accretion disc is that the coronal particles, which are found just above the disc, should go into unstable orbits around the BH (Lyutikov 2009 ). The jets/winds can also be launched from either (i) a geometrically thick disc with, e.g., an advectiondominated accretion flow (ADAF, e.g., Narayan & Yi 1994; Armitage & Natarajan 1999) , a convection-dominated flow (Meier 2001) , or an advection-dominated inflow and outflow (Blandford & Begelman 1999a) , or (ii) a layer located between the accretion disc and the BH corona which consists of a highly diffusive, super-Keplerian rotating and thermally dominated by virial-hot and magnetised ion-plasma (Hujeirat et al. 2002) . [See also the work by Kuncic & Bicknell (2004) for the first fully analytic description of a turbulent magnetohydrodynamics accretion disc coupled to a corona.] Falcke & Biermann (1995 proposed a jet-disc symbiosis model for powering jets; starting from the assumption that radio jets and accretion discs are symbiotic features present in radio quasars, these objects consist of a maximal jet power with a total equipartition (i.e., the magnetic energy flow along the jet is comparable to the kinetic jet power), and the total jet power is a particular fraction of the disc power. This fraction can be found by fitting the jet parameters to the observational data.
The energy and angular momentum of a BH can be electromagnetically extracted in the presence of a strong magnetic field threading the BH and supported by external currents flowing in the accretion disc, as shown by Blandford & Znajek (1977) . In this case, the energy flux of the jets is provided by conversion of the BH rotational energy into Poynting flux, which is then dissipated at large distances from the BH by current instabilities (Lyutikov & Blandford 2002) . The Blandford-Znajek mechanism has been widely applied to jet formation in AGN, as well as to microquasar jets and gamma ray bursts, in an attempt to match a number of observational data. Macdonald & Thorne (1982) explained this mechanism in terms of the BH membrane paradigm, in which case an imaginary stretched horizon (a conducting surface located just outside of the BH event horizon) mimics the BH electrodynamics as seen by outside observers. From the viewpoint of Thorne et al. (1986) , the membrane paradigm implies not only the existence of a stretched horizon, but also a 3+1 split of space-time into (absolute) space and (universal) time. Therefore, the stretched horizon is regarded as a 2-D spacelike surface that resides in 3-D space and evolves in response to driving forces from the external universe . As a result, outside observers can make measurements at the stretched horizon and describe the physical properties of the horizon using pre-relativistic equations, such as Ohm's law.
Different theoretical models of jet formation have been tested already by using numerical simulations. For instance, general relativistic magnetohydrodynamics (GRMHD) simulation results are consistent with models of gas pressure and magnetically driven jets (e.g., Koide et al. 1999; Mizuno et al. 2004; Nishikawa et al. 2005; Hawley & Krolik 2006; Mizuno et al. 2007) (Friedman 1978) . Therefore, negative energy states of matter that can extract energy from the BH are allowed there (Penrose 1969; Bardeen et al. 1972) . The ergosphere lies outside of the BH event horizon, and its boundary intersects the event horizon only at the poles. At the stationary limit surface, an observer must move at the speed of light opposite the rotation of the BH just in order to stay still. Inside the ergosphere, the space-time itself is dragged in the direction of the BH rotation; i.e., nothing can stay there at rest with respect to distant observers, but it must orbit the BH in the same direction in which the BH rotates. This process is called the dragging of inertial frames (e.g., Misner et al. 1973) .
The BH-disc magnetic connection, first mentioned by Zel'dovich & Schwartzman and quoted in Thorne (1974) , can occur and change the energy-angular-momentum balance of the accreting gas in the disc (e.g., Macdonald & Thorne 1982; Thorne et al. 1986; Blandford 1999; van Putten 1999) . Li (2000a Li ( ,b, 2002a derived the equations for the energy and angular momentum transferred from a Kerr BH to a geometrically-thin accretion disc (which consists of a highlyconducting ionised gas) by magnetic connection, and we shall use these equations. [See also the work by Wang et al. (2003) .] As the BH rotates relative to the disc, an electromotive force is generated. This drives a poloidal electric current flowing through the BH and the disc and produces an additional power on the disc. From the conservation laws of energy and angular momentum for a thin Keplerian accretion disc torqued by a BH, Li (2002a) calculated the radiation flux, the internal viscous torque and the total power of the disc, and found that the disc can radiate even without accretion. Li (2002b) also looked for observational signatures of the BH-disc magnetic connection as more energy is radiated away from the disc and showed that the magnetic connection can produce a very steep emissivity compared to the standard, thin-accretion disc model. Uzdensky (2004 Uzdensky ( , 2005 obtained the numerical solution of the GradShafranov equation for a BH-disc magnetic-connection configuration in the case of both Schwarzschild and Kerr BHs. The Grad-Shafranov equation is a non-linear, partial differential equation that describes the magnetic flux distribution of plasma in an axisymmetric system. Uzdensky found that this BH-disc magnetic connection can only be maintained very close to the BH (see in the next section). In recent years, a number of models that also include the BH-disc magnetic connection have been developed. A BH magnetic field configuration with both open and closed magnetic field lines was considered by Lei et al. (2005) , who described the field configuration by the half-opening angle of the magnetic flux tube on the horizon, which is determined by the mapping relation between the angular coordinate on the BH horizon and the radial coordinated on the accretion disc. Wang et al. (2007) proposed a toy model for the magnetic connection, in which case a poloidal magnetic field is generated by a single electric current flowing in the equatorial plane around a Kerr BH. Ma et al. (2007) derived the energy and angular momentum fluxes for a Kerr BH surrounded by an advection-dominated accretion disc. To solve the equations of the accretion flow, they used a pseudo-Newtonian potential. Gan et al. (2009) solved the dynamic equations for a disc-corona system and simulated its X-ray spectra by using the Monte Carlo method. Zhao et al. (2009) studied the magnetic field configuration generated by a toroidal distributed continuously in a thin accretion disc, as well as the role of magnetic reconnection in the disc to produce quasi-periodic oscillations in BH binaries. In the context of GRMHD, Koide et al. (2006) presented a 2-D GRMHD result of jet formation driven by a magnetic field produced by a current loop near a rapidly-rotating BH, in which case the magnetic flux tubes connect the region between the BH ergosphere and a co-rotating accretion disc. Furthermore, relativistic Poynting jets driven from the inner region of an accretion disc that is initially threaded by a dipole-like magnetic field were studied by Lovelace & Romanova (2003) . Their model is derived from the special relativistic equation for a force-free electromagnetic field. [See also Lynden-Bell (1996 In this paper, we propose a model for launching relativistic jets from a (geometrically-thin) disc inside the ergosphere as an effect of the rotation of the space-time. We consider here the BH-disc magnetic connection, whose main role is to provide the source of energy for the jets when the mass accretion rate is very low. We use the general relativistic form of the conservation laws for the matter in a thin accretion disc to describe the disc structure when both the BH-disc magnetic connection and the jet formation are considered. The model is based on the calculations of Novikov & Thorne (1973) , Page & Thorne (1974) and Li (2002a) , being mainly influenced by the work of Znajek (1978) and Macdonald & Thorne (1982) . [Some incipient ideas which are at the base of this model were exposed in Duţan & Biermann (2005a,b) .] This is the first work that studies the process of jet launching from a geometricallythin accretion disc inside the BH ergosphere when the energy and angular momentum are transferred from the BH to this region of the accretion disc via closed magnetic field lines, within the framework of general relativity. An important result of the model, with impact on observation of the AGN jets, is that the power of the jets does not depend linearly on the mass accretion rate all the way down to very low accretion rates for BHs of a given mass. This result is different from that of Allen et al. (2006) , who found a linear dependence between the power of the jet and the mass accretion rate by considering a spherical Bondi-type accretion on to BHs (in which case the accreting matter has zero or very low angular momentum). In their calculations, the power of the jet is estimated from the energy and time scale required to inflate the cavity observed in the surrounding X-ray emitting gas. The model proposed here combines two regimes associated with the driving of the jets, an accretion power regime and a (BH) spin-down power regime, where the switch from the former to the latter regime corresponds to a mass accretion rate ofṁ ∼ 10 −1.8 . In the accretion power regime, the power of the jets is linearly dependent on the mass accretion rate, whereas in the spin-down power regime the power of the jets depends very weakly on the mass accretion rate. In the accretion power regime, the energy and angular momentum are extracted and transported away from the disc inside the BH ergosphere by both the kinetic flux of particles and Poynting flux in the form of jets. Instead, in the spin-down power regime the energy and angular momentum are extracted and carried away from the disc inside the ergosphere predominantly in the form of Poynting flux with just little amount of kinetic flux of particles. The work presented in this paper is different from that of Wang et al. (2008) , in which the production of Poynting flux jets is associated with a combination of the Blandford-Znajek mechanism, the BH-disc connection and the Blandford-Payne mechanism. Furthermore, we argue that the accretion, which is initially at either close to the Eddington rate or at low rates, can be driven in a non-radiant, geometrically thin and quasi-Keplerian disc inside the BH ergosphere by the external jet torque. This is distinctly different from optically thin, advectiondominated accretion flow models (e.g., Narayan & Yi 1994) , in which the accretion at low rates is advection-dominated (i.e., the thermal energy generated via viscous dissipation is mostly retained by the accreted mass flow rather than being radiated, and the energy is advected in towards the BH) and quasi-radial (i.e., the flow is geometrically thick, having roughly a spherical structure). Our first goal in the present work is to obtain estimations for jet-related quantities, in particular the mass loading, power and Lorentz factor of the jet, when the BH rotational energy is transferred to the disc inside the ergosphere, and then to compare them with those derived from the Blandford-Znajek mechanism. In the limit of the spin-down power regime, the model proposed here can be regarded as a variant of the Blandford-Znajek mechanism, where the BH rotational energy is transferred to the disc inside the ergosphere rather than transported to remote astrophysical loads. Our second goal is to determine the upper limit of the spin parameter attained by a stationary Kerr BH when both jet formation and BH-disc magnetic connection are considered and to investigate how the value of the mass accretion rate can influence the departure of the BH spin parameter from its theoretical maximum limit of a * = 1.
In Section 2, we describe the assumptions of the model. In Section 3, we derive the mass flow rate into the jets. Using the general-relativistic conservation laws for matter in the accretion disc (Section 4), we derive the launching power of the jets (Section 5) and the angular momentum removed by the jets (Section 6). In Section 7, we calculate the efficiency of launching the jets and show that when the BH accretes at low rates, the spin-down of the BH is an efficient mechanism to launch the jets via the accretion disc. In Section 8, we study the spin evolution of the BH and discuss conditions of BH stationary states for given mass accretion rates. In Section 9, we refer to the long lifetime of an AGN from the BH spin-down power as a particular relevance of the proposed model to the observational data. In Section 10, we present a summary of the key points, as well as our conclusions, and suggest further work to be done.
BASIC ASSUMPTIONS
• We consider that matter outside of the BH has negligible gravitational effects compared to the BH gravity and . Schematic representation of the inner part of the accretion disc-BH-jet system, where the BH is represented by the stretched horizon ). Above the surface of the disc inside the BH ergosphere, the closed magnetic field lines (solid lines) do not cross the open magnetic field lines (dashed lines); they overlap only in the line-of-sight projection. For some explanation on the structure of the magnetic field in the disc inside the BH ergosphere, the reader is referred to the text below.
that an accretion disc settles down in the equatorial plane of a Kerr BH. We assume that the accretion disc is geometrically thin and quasi-Keplerian, therefore the physical quantities integrated over the vertical direction can be used in order to describe the radial structure of the disc. The inner part of the accretion disc is located inside the BH ergosphere, extending from the stationary limit surface (or ergosphere) inward to the innermost stable orbit (see Fig. 1 ). In the BH equatorial plane, the stationary limit surface is located at r sl = 2 rg and does not depend on the BH spin parameter, whereas the radius of the innermost stable orbit depends on a * [cf. eq. 2.21 of Bardeen (1970) ]; so that, rms(a * ) = 2 rg for a * = 0.95 and ∼ 1.2 rg for a * ∼ 1. Here, rg = GM/c 2 is the gravitational radius [rg = r † g (M/10 9 M⊙) = 1.48 × 10 14 (M/10 9 M⊙) cm], G is the Newtonian gravitational constant, M is the BH mass and c is the speed of light.
• We adopt the viewpoint of the BH membrane paradigm of Thorne et al. (1986) and represent the BH by the stretched horizon.
• We consider the case of rapidly-spinning BHs with a spin parameter a * 0.95, based on the argument by Bardeen (1973) that a strong preference for a particle to orbit in the equatorial plane requires the BH spin parameter to be close to its maximum value.
• We consider that closed magnetic field lines connect the BH to the accretion disc (e.g., Blandford 1999; Li 2000b) . The poloidal component of the magnetic field transfers angular momentum and energy (in the form of Poynting flux) from the BH to the disc, thereby increasing the amount of the gravitational energy which is released from the accretion disc. This energy is liberated very close to the BH, where most of the gravitational energy of the accretion disc is available (in our case, from the disc inside the BH ergosphere). Next, we assume that the disc energy (which, once again, represents the disc gravitational energy plus the BH rotational energy deposited into the disc by magnetic connection) is used to launch the jets. In this way, the disc remains cool and geometrically thin. By comparison, in a standard, thin accretion disc, the thermal energy is efficiently radiated away, so that the orbiting gas becomes much cooler than the local virial temperature, and the disc remains geometrically thin.
• As the numerical results obtained by Uzdensky (2005) indicate, a closed magnetic field configuration can only be maintained in a region close to the BH. This region is limited to the radius of ∼ 12 rms = 72 rg for a static BH (a * = 0) and decreases to ∼ 6 rms = 20.4 rg as the BH spin parameter increases to a * = 0.7. Therefore, it might be possible that, for a BH with a * 0.95, the closed magnetic field configuration to exist only in the region bounded by the BH ergosphere.
• We constrain the jet formation to the disc inside the ergosphere, where the rotational effects of the space-time become much stronger. The slope of the specific energy of disc particles (Eq. 13) for a * 0.95 steepens in the BH ergosphere, indicating that most of the gravitational energy of the accretion disc is released from there. Moreover, inside the ergosphere, the space-time is dragged in the direction of the BH rotation and everything must co-rotate with the BH. (We shall ignore the possibility for the plasma inside the BH ergosphere to have negative mechanical energy at infinity.) Outside the ergosphere, it is plausible that patches of the disc gas may counter-rotate with the BH due to some instability or turbulence in the disc. If some magnetic field lines are frozen in such patches, they likely reconnect with the corotating magnetic field lines, and the closed magnetic field configuration can be destroyed. On the other hand, following the discussion above, it would appear that a closed magnetic field configuration will exist only in the region bounded by the BH ergosphere. And it is this magnetic field that transfers rotational energy from the BH to the accretion disc.
• A more general magnetic field threading the BH would consist of a combination of closed magnetic field lines, as discussed above, and open magnetic field lines (extending from the BH to infinity), which can enable the extraction of BH rotational energy through the Blandford-Znajek mechanism. Now, one can wonder: (i) How much of the rotational energy of the BH is directly extracted by jets and how much is transferred to the disc, and (ii) under which specific conditions? These questions can be addressed in some future work. We limit the present work to the case of a BH threaded only by closed magnetic field lines and compare the values of some basic physical quantities (such as the power) of a jet driven solely from the disc inside the BH ergosphere with those of a jet powered by the Blandford-Znajek mechanism.
• We assume that the jets remove angular momentum from the disc, enabling the accretion process. The external torques acting on the disc inside the BH ergosphere (i.e., magnetic BH-disc torque and jet torque) can dominate over the internal viscous torque of the disc (Blandford 2001) , where the internal torque can be produced by magnetorotational instability (e.g., Balbus & Hawley 1991) , which is driven by the free energy available from the differential rotation of the gas flow.
• To form the jet, at some point, the particles must cross the magnetic field lines. One can picture this as being due to drifts and instabilities inside the disc (Balbus & Hawley 1994 , 1998 . In addition to the closed magnetic field lines that connect the BH to the disc inside the ergosphere, the magnetic field can be represented similar to the magnetic field on the Sun surface. In a direct top-down view, it looks mottled, with arcs of magnetic fields connecting different regions and other magnetic flux tubes extending into free space and allowing matter to flow out [see also fig. 36 of Thorne et al. (1986) ]. [An accretion disc with a magnetic field configuration similar to that of the Sun was studied by Yuan et al. (2009) for driving episodic magnetohydrodynamic (MHD) jets.] However, the closed (BH-disc) and open (disc-infinity) magnetic field lines are supposed to be dominant in the model proposed here.
• To examine the fate of the magnetic field in the space around the BH, we follow the ideas of Thorne et al. (1986) on the 'cleaning' of the magnetic field by the BH stretched horizon to maintain an ordered magnetic field [see fig. 36 of Thorne et al. (1986) ]. Since the magnetic field is frozen into the accretion disc, the field lines are transported in toward the BH by the accretion flow. Once the flow reaches the innermost stable orbit, it drops out of the disc and falls directly into the BH, and becomes causally disconnected from the field lines to which it was attached. However, the flux conservation law assures that the field lines, although disconnected from their source, will be pushed onto the BH by the Maxwell pressure of the adjacent field lines or thread through the near-vacuum region between the accretion disc and the BH or pushed back into the disc via Rayleigh-Taylor instabilities. If this cleaning works efficiently enough, an approximately stationary and axisymmetric magnetic field of the type described in the paragraph above can be formed [see also Li (2000c) ], otherwise the process discussed in this paper is not continuous and a different description than that presented here must be employed. Furthermore, our approach here is simple in the sense that with the assumption of an approximately stationary and axisymmetric magnetic field, the outflow near the launching region is thereby taken to be quasi-stationary (∂/∂t = 0). Therefore, we are limited by not being able to specify time-dependent effects in the outflow. We concentrate here on the launching region of the jets, determining the mass flow rate into the jets and other conserved quantities of the outflow, and discuss the importance of the magnetic field in accelerating the jets on sub-parsec scales without solving the entire flow problem (see Section 5).
• To allow for jet formation, we assume that the surface density of the disc and the mean radial velocity combine themselves in such a way to keep their product constant over the disc inside the BH ergosphere (see Section 3). This can be thought of as being an effect of the BH rotation. By comparison, in the model of Blandford & Payne (1982) the disc particles are driven upwards by the gradient of the pressure in the disc to fill the corona around the disc. The plasma should be sufficient to produce whatever charge and current densities are required for an MHD flow. The magnetic field lines that pass through the corona will be bent from near vertical to make a certain angle with the disc surface. If this angle is greater than 60
• , the particles will fling outwards under centrifugal forces. Then, as magnetic stresses become important, the particles will be further accelerated by the gradient of the magnetic pressure. Far from the disc, the particles inertia will cause the magnetic field to become increasingly toroidal. As a result, the flow will be collimated by the magnetic hoop stresses to a cylindrical shape outside the (outer) light cylinder. In the model proposed here, the rotation of the space-time is responsible for ejecting particles in the direction perpendicular to the disc. The escape particles then slide along the open magnetic field lines (dashed lines in Fig. 1) , being accelerated by magnetic forces (see Section 5).
• Due to the motion of the disc plasma in which magnetic field lines are frozen, it is also possible that magnetic reconnection will take place at the interface of closed and open magnetic field lines. (Such a non-ideal MHD effect, which is common to impulsive and gradual flares, can convert magnetic energy into kinetic energy and thermal energy, and topologically change field lines; this can have significant consequences for the global evolution of a system. This effect is also connected with a violation of the magnetic flux conservation.) Such a magnetic reconnection that allows outflows to be driven has been observed in time-dependent resistive MHD simulations of jet/wind formation from neutron stars performed by Romanova et al. (2009) . This role of magnetic reconnection in driving outflows can also be extended to accreting BH systems. To estimate the rate of the magnetic energy that can be extracted through reconnection, we follow the work by de Gouveia dal Pino & Lazarian 9 M⊙, we obtain a value of ∼ 10 43 erg s −1 , which is about two orders of magnitude smaller than the minimum value of the power of the jet that we obtain in the model proposed here.
• We use the Kerr metric (Kerr 1963) in cylindrical coordinates. In and near the BH equatorial plane, the metric is given by
where r, φ and z are defined as the cylindrical coordinates in the asymptotic rest frame, and t is the physical time of an observer removed to infinity (Page & Thorne 1974) . The components of the metric tensor in (1) are specified by
where the metric functions read
where a = J/(M c) is the angular momentum of the BH about the spinning axis (J) per unit mass and per speed of light. The BH spin parameter is defined as a * ≡ J/Jmax (= a/rg), where Jmax = GM 2 /c is the maximal angular momentum of the BH.
MASS FLOW RATE INTO THE JETS
First, let us explain the terms used for the (rest) mass rates of the flow, which are measured by observers at infinity. The term mass accretion rate refers to the mass flow rate through the disc up to the ergosphere (ṀD =ṁṀ Edd ). In the ergosphere,ṀD is divided into the mass outflow rate into the jets (Ṁjets) and the mass inflow rate on to the BH (Ṁin). Now, we can write the mass outflow rate aṡ
whereṀin(r sl ) andṀin(rms) denote the mass inflow rate at the stationary limit surface and at the innermost stable orbit, respectively. The mass outflow rate can also be expressed asṀ
where the parameter qjets indicates the fraction of the mass of the disc inside the BH ergosphere that goes into the jets. Figure 2 shows a schematic representation of the mass flow in the disc inside the ergosphere. The amount of mass that flows inward across a cylinder of radius r during a coordinate time interval ∆t, when averaged by the method in Novikov & Thorne (1973) , iṡ
where |g| = e ν+ψ+ν = r is the square root of the metric determinant (Eqs. 1 and 2), Σ = 2h < ρ0 > is the surface density of the disc (with h being the half-thickness of the disc and < ρ0 > the density of rest mass),vr is the mass-averaged radial velocity and D = (1 − 2/r * + a 2 * /r 2 * ) is one of the functions used to calculate general relativistic corrections to the Newtonian accretion disc structure. Here, r * = r/rg is the dimensionless radius.
Next, we estimate the mass inflow rate at one specific radius of the disc inside the BH ergosphere by using (6), so that the mass outflow rate becomeṡ
Now, the mass inflow rate at the stationary limit surface is also given byṁṀ Edd , and theṅ
By analogy with a standard, thin accretion disc [eqs. 5.9.5 and 5.9.10 of Novikov & Thorne (1973) ], the product of the surface density and the mass-averaged radial velocity can depend on the disc radius as Σvr ∝ r p . One can recover a standard, thin accretion disc by setting p = −1, in which case the mass accretion rate [Eq. 6, also eq. 5.6.2 of Novikov & Thorne (1973) ] is independent of the radius. Now, instead of trying to obtain an exact condition for jet launching, let us simply take p = 0, as this gets rid of the requirement to know Σ andvr precisely. Let us examine the consequences of this choice. Clearly, p = 0 corresponds to a product Σvr constant for any radius of the disc inside the ergosphere, and consequently the mass inflow rate . For a * ∼ 1, almost whole material of the disc inside the BH ergosphere flows into the jets (q jets ≃ 0.98); that is, the BH almost stops being fed by accreting matter.
on to the BH decreases with radius asṀin(r) ∼ r, and the difference flows into the jets. Then,Ṁin(r) at a given radius is specified by the general relativistic factor D 1/2 , which depends on the BH spin parameter. For an ADAF disc that allows outflows,Ṁin(r) ∼ r q , where 0 q < 1 [eq. 13 of Blandford & Begelman (1999b) ]. Therefore, our choice of q = 1 (or p = 0 ) represents a limiting case in the model by Blandford & Begelman (1999a) .
Using equations (5) and (8), as well as the expression of D, we obtain the fraction of the mass inflow that goes into the jets (or the mass outflow parameter) as
where rms * = rms/rg and r sl * = r sl /rg. Figure 3 shows the mass outflow parameter as a function of the BH spin parameter. For a * = 0.95, the mass outflow into the jets is only about 8 per cent of the available mass inflow through the disc inside the ergosphere. Instead, for a spin parameter near the maximal one (a * ∼ 1), the mass outflow increases to about 98 per cent of the available mass inflow. This means that in the case of near maximal spin, the BH almost stops being fed by accreting matter.
Suppose the inner disc would have been extended beyond the stationary limit surface. In this case, the disc particles can form the jets (qjets > 0) if and only if the BH spin parameter were a * > 0.755 (plot not shown).
We mention that the results presented in this section are valid for our choice of p = 0. This, of course, need not be a necessary condition for jet launching, since we have examined the mass outflow parameter for just one value of p, that which makes Σvr constant for any radius of the disc inside the BH ergosphere and qjets dependent only on the BH spin parameter, but it is certainly sufficient. The BH rotation causes an outflow of particles from the disc, where the energy (and angular momentum) carried by the escape particles is taken from the accretion disc. The escape particles then slide along the open magnetic field lines, being accelerated by magnetic forces (see Section 5).
ANGULAR MOMENTUM AND ENERGY CONSERVATION LAWS
To describe the structure of the disc inside the BH ergosphere, we use the angular momentum and energy conservation laws derived by Page & Thorne (1974) and include both the BH-disc magnetic connection and the jet formation. When deriving the conservation laws, Page & Thorne (1974) do not make any assumption about the type of stressenergy present (e.g., magnetic fields, viscous stresses, etc.).
[The calculations performed by Page & Thorne (1974) are valid even if the disc is highly dynamical, but can also be applied to steady-state and quasi-steady-state discs, in which case the mass accretion rate is constant throughout the disc.] Here, we consider that the removal of the angular momentum of the disc inside the ergosphere can be produced by the external jet torque and that the external torques acting on the disc inside the ergosphere (i.e., BH-disc magnetic torque and jet torque) dominate over the internal viscous torque of the disc (Blandford 2001) . In this case, we can write the angular momentum conservation law 2 as
where on the left-hand side, the first term describes the angular momentum carried by the accreting mass of the disc inside the BH ergosphere, and the second term describes the angular momentum transferred from the BH to the disc inside the ergosphere. The term on the right describes the angular momentum carried away by the jets. L † is the specific angular momentum of a gas particle orbiting in the accretion disc, J is the total flux of energy (of particle and electromagnetic origin) carried away by jets and H is the flux of angular momentum transferred from the BH to the disc inside the ergosphere. H is defined through the magnetic torque produced by the BH on both surfaces of the accretion disc THD (Li 2002a)
where the limits of integration are two radii of the accretion disc with r1 < r2. Similar to the angular momentum conservation law, we can write the energy conservation law as
where on the left hand-side, the first term describes the rate of the energy flow through the disc inside the BH ergosphere, and the second term is the rate at which the magnetic torque per unit area of the disc does work, THDΩD (here ΩD is the Keplerian angular velocity of the gas particles in the disc). The third term describes the energy flow along the jets. E † is the specific energy of a gas particle having mass µ and orbiting in the same direction as the BH rotation (Bardeen et al. 1972 ):
The flux of angular momentum transferred from the BH to the disc inside the ergosphere by magnetic connection has the following expression (Li 2002a) :
where ΨD is the flux of the poloidal magnetic field lines which thread the surface of the disc inside the BH ergosphere and ΩH is the BH angular velocity. The derivation of Eq. (14) is based on the supposition that the accretion disc consists of a highly conducting ionised gas. This implies that (i) the accretion disc resistance is neglected in comparison with the BH surface resistance and (ii) the magnetic field lines are frozen in the accretion disc, being transported by the disc gas and rotating with ΩD. On the other hand, the angular velocity of the magnetic field lines threading the horizon is ΩH, due to the effect of the frame-dragging at the BH horizon. For a * > 0.35 and r rms, ΩH > ΩD, so that the BH transfers energy (and angular momentum) to the disc. For a * < 0.35, ΩH < ΩD, and this time the accretion disc transfers energy (and angular momentum) to the BH. For a * = 0.35, ΩH = ΩD; this condition implies that there is no energy (nor angular momentum) transfer between the BH and the accretion disc by magnetic connection.
LAUNCHING POWER OF THE JETS
We are now in the position to calculate the launching power of the jets with the help of the conservation laws previously derived. First, we define the launching power of both jets as
Integrating the equation of the energy conservation law (Eq. 12) over the disc inside the BH ergosphere, we find the launching power of the jets,
(16) The first term describes the rest energy of the accreting matter on to the BH and the second term describes the energy transfer from the rotating BH to the disc inside the ergosphere. E † sl and E † ms are the specific energy of the gas particle (Eq. 13) evaluated at the stationary limit surface and at the innermost stable orbit, respectively.
Using Eq. (14), we obtain the launching power of the jets as
where the angular velocities of the BH and the accretion disc, respectively, are
ΩD ≡ c rg
To calculate the launching power of the jets, we need to evaluate both ΨD and (−dRH/dr). First, we write the magnetic flux that threads the accretion disc surface,
where BD is the poloidal component of the magnetic field that threads the disc. The surface area between two equatorial surfaces in a Kerr space-time can be calculated from
where the determinant of the surface metric is
This result follows from Eqs. (1), (2), and (3). With these, the surface area in Eq. (21) reads
The poloidal component of the magnetic field that threads the BH horizon BH and the poloidal component of the magnetic field at the inner edge of the accretion disc BD(rms) can be of the same order (e.g., Livio et al. 1999) and related by BH = ζBD(rms) , where ζ 1.
On the other hand, the poloidal component of the magnetic field that threads the accretion disc surface scales as BD ∝ r −n , where 0 < n < 3 (Blandford 1976) . Consequently,
Since the BH horizon behaves, in some aspects, like a rotating conducting surface (e.g., Carter 1973; Damour 1978; Znajek 1978; Thorne et al. 1986) , it can be thought of as being a 'battery' driving currents around a circuit. The energy for this comes from the BH rotation (Znajek 1978) . The internal resistance of the battery in the horizon, i.e., the resistance between two magnetic surfaces that thread the horizon, is
where RH = 4π/c = 377 ohm, dl is the horizon distance between two magnetic surfaces (see Fig. 1 ), 2πrH is the cylindrical circumference at r = rH and rH = rg[1+(1−a 2 * ) 1/2 ] = rgrH * is the radius of the BH horizon ).
The voltage difference generated by the BH has a maximum magnitude of V = ΩHΨH, where ΨH = BHAH is the magnetic flux threading the BH and AH = 8πrgrH is the surface area of the BH. Assuming that the magnetic field is carried into the BH by the accreted disc gas, we set the BH potential drop to the energy of the gas particles carried into the BH, the latter being the particle specific energy at the innermost stable orbit. Suppose that during a first epoch, the BH accretes at a rate approximately equal to the Eddington rate.
3 This supposition provides V 2 =ṀaccE † ms c 2 .
3 The Eddington accretion rate is defined from the Eddington luminosity asṀ Edd = L Edd /(εc 2 ) = 4πGM/(εκ T c), where ε is the efficiency of converting the gravitational energy of the accre-Therefore, the maximum value of the magnetic field that threads the BH horizon is
where a * ,lim = 0.9982 is the BH limiting spin in the case of a radiatively efficient accretion disc (Thorne 1974) , and the corresponding particle specific energy at the innermost stable orbit is E † ms,lim = 0.6759. Although this limit of the BH spin may be even closer to its maximum value a * ∼ 1, it produces a negligible variation in the maximum value of the BH magnetic field. Using the expression of the gravitational radius, the maximum value of the magnetic field that threads the BH horizon (Eq. 27) becomes 
This result is similar to the calculation performed by Znajek (1978) . [See also Lovelace (1976) .] The only difference is that we set the BH potential drop to the specific energy of the particles at the innermost stable orbit, whereas Znajek (1978) makes use of the fact that the Eddington luminosity sets an upper bound on the radiation pressure (as the disc is radiatively efficient), and thus V 2 ∼ L Edd . The continuum of the magnetic field within a narrow strip between two magnetic surfaces, which connect the BH to the disc inside the ergosphere, dΨH = dΨD (e.g., Wang et al. 2007 ), gives
Making use of Eqs. (25), (26) and (30), we obtain
Next, we write the particle specific energy (Eq. 13) using the dimensionless radius and the spin parameter. Then, we substitute this equation (evaluated at r sl * and rms * , respectively) together with (18) - (27), (30) and (31) for Eq. (17). So, the launching power of the jets becomes
tion disc into radiation and κ T denotes the Thomson opacity. ε depends on the BH spin parameter as ε = 1−E † ms (Thorne 1974) , so that ε = 0.06 for a Schwarzschild BH and ε = 0.42 for an extremely spinning Kerr BH. We scale the BH mass to 10 9 M ⊙ , so thatṀ Edd =Ṁ † Edd ε −1 (M/10 9 M ⊙ ), whereṀ † Edd = 1.38 × 10 26 g s −1 . 
For the following calculations, we consider the strength of the magnetic field in Eq. (32) to be as high as its maximum value BH ∼ B max H
. On the right-hand side, the first term represents the accretion power of the disc inside the BH ergosphere and the second term represents the BH spin-down power transferred to the disc by magnetic connection. So, Eq. (32) can also read:
In Fig. 4 , we plot the launching power of the jets as a function of the mass accretion rate. The plot shows that a transition from an accretion power regime to a spin-down power regime is produced forṁ ≃ 10 −1.8 . So, we have: (1) an accretion power regime in which caseṁ > 10 −1.8 and the dominating term in the launching power of the jets is P acc jets , and (2) a spin-down power regime in which caseṁ < 10 −1.8 and the dominating term in the launching power of the jets is P rot jets . In Eq. (32), the launching power of the jets depends on: (i) the mass accretion rateṁ, (ii) the BH mass M , (iii) the BH spin parameter a * , (iv) the power-law index n, and (v) the ratio of the magnetic field strengths ζ. We chose the last two parameters as follows: the power-law index n is taken to be '2' as for a frozen magnetic field (Alfvén 1963) , and ζ is set by taking its value corresponding to the maximum of the launching power of the jet, which is one. Therefore, for the following calculations, we consider n = 2 and ζ = 1.
In Fig. 5 , we plot the launching power of the jets as a function of the BH spin parameter, for a BH mass of 10 9 M⊙, given four values of the mass accretion rate (ṁ = 1, 0.5, 0.1 and 0.01), as well as the BH spin-down power contribution to the jets power (bottom curve). Since the area of the disc inside the ergosphere increases with an increase ) for four values of the mass accretion rate. The mass accretion rates from top to bottom are 1, 0.5, 0.1 and 0.01. The bottom curve represents the power of the jets given by the BH spin-down P rot jets . Note that there is a slight difference between the two bottom curves (red and turquoise curves). In the case of very low mass accretion rates,ṁ < 0.01, P jets is approximately equal to the BH spin-down power.
of a * , there is a dominating trend of the jet power to increase as well, except for a * close to the maximal value anḋ m > 0.1 where the turn-over of the curve is produced due to the general relativistic factor that appears in the term (1 − qjets) of the accretion power. In the case of the spindown power regime, the jet power is ∼ 10 45 erg s −1 , which is only 10 −2 of the Eddington luminosity of a 10 9 solar mass BH. This value of P rot jets is comparable to the maximum rate of energy extraction by the Blandford-Znajek mechanism, which is ∼ 10 45 erg s −1 for a BH mass of 10 9 M⊙ and a * close to the maximal value [Eq. 4.50 of Thorne et al. (1986) ]. For a lower mass of the BH, the jet power decreases, as the launching power of the jets is proportional to the BH mass.
On sub-parsec scales, the jets are likely to be dominated by electromagnetic processes (MHD or pure electrodynamic), where the energy is transported along the jets via Poynting flux, and are potentially unstable if significant thermal mass load is present (Meier 2003) . Next, we estimate the magnetization parameter of the jet plasma at the launching points, σ, which reflects the effect of a rotating magnetic field on accelerating the jet plasma by measuring the Poynting flux in terms of particle flux (e.g., Michel 1969; Camenzind 1986; Fendt & Greiner 2001) . The initial magnetization parameter of the jets (denoted by an index '0') is given by
where Ψ = B dS and ΩD is here taken as the angular velocity of the magnetic field lines frozen in the disc. For illustration, we evaluate σ0 for three values of the mass accretion rate (ṁ = 1, 0.1, 0.01 and 0.001) in the case of a BH with the spin parameter of a * = 0.99 (see Fig. 6 ). The magnetization parameter increases with decreasing mass accretion rate (σ0 ∼ṁ −1 ), as well as with decreasing radius. When σ0 > 1, the Poynting flux dominates in the jets and the energy can be transferred from the magnetic field to the particles. As a result, the jets can be accelerated on the expense of the Figure 6 . Initial magnetization parameter of the jet plasma as a function of the disc radius for three values of the mass accretion rate when the BH spin parameter is a * = 0.99. The mass accretion rates from top to bottom are 0.001, 0.01, 0.1 and 1. For σ 1, the jets are Poynting flux-dominated outflows; i.e., the energy content of the jets is mainly in the magnetic part. For σ < 1, the jets are particle-dominated outflows. Note that σ 0 ∼ṁ −1 . stored energy in the magnetic field as the Poynting flux is converted into kinetic energy flux by magnetic forces (e.g., Fendt 2004 ). The magnetic force can be split in two components: the magnetic pressure force (∼ ∇B 2 φ ), which points in positive outward direction, and the magnetic tension force (∼ B 2 φ ), which points in negative inward direction. (B φ denotes the strength of the toroidal component of the magnetic field.) In the case of a ballistic jet, which expands with a constant speed, the two forces cancel each other and the toroidal component of the magnetic field decreases as B φ ∼ z −1 due to the magnetic flux conservation. (z denotes the distance along the jet.) To accelerate the flow, the magnetic pressure gradient must prevail over the magnetic tension force. This can be possible, in principle, due to the decrease in the strength of the toroidal magnetic field as the jet propagates away from the source, but one has to solve the full problem to verify whether the magnetic pressure gradient dominates over the magnetic tension force. The magnetic acceleration process is limited by the free energy available in the magnetic field, and saturation must occur at some point. When the kinetic energy flux becomes dominant in the jet, strong shocks can occur. These shocks can further accelerate the jet. However, if the magnetic field becomes highly twisted, the magnetic field itself will not be able to explain the acceleration of the jet, as the magnetic reconnection or other instability in the jet can lead to magnetic energy dissipation and shock formation. (Strong toroidal magnetic fields are subject to the kink instability, which excites large-scale helical motions that can distort or even disrupt the jet [e.g., Mizuno et al. (2009) and references therein]. However, the growth rate of the kink mode may be reduced, for instance, by increasing the magnetic pinch or by including a gradual shear, an external wind or relativistic bulk motion.) How far the magnetic acceleration of the jets can occur depends from one case to another, and the ambient medium into which jets propagate can play a significant role. On parsec scales, relativistic shocks are expected to be prominent (Lobanov 2007) . A first stationary, strong shock can be produced in the approximate range (3 − 6) × 10 3 rg ( . Lorentz factor of the jets as a function ofṁ (Eq. 37). The jets have a bulk Lorentz factor γ > 2 when the mass accretion rateṁ < 10 −1.8 , which corresponds to the spin-down power regime. In the case of the accretion power regime,ṁ > 10 −1.8 , the jets are mildly-and sub-relativistic, γ < 2.
Marscher et al. 2008), whereas moving shocks can occur between 20 and 200 rg. For very large values of the magnetization parameter, the MHD approximation breaks down (Mizuno et al. 2009 ). For σ0 = 1 the Poynting flux and the particle kinetic energy flux are in equipartition, whereas for σ0 < 1 the jets are kinetic energy flux-dominated outflows. For given mass accretion rate and BH spin parameter, the value of σ0 is not much less than one, being only within one order or magnitude smaller than one. Therefore, it is possible that the jets will be stable and propagate initially with a constant speed. For given mass accretion rate and radius, σ0 increases with the BH spin parameter; i.e., the Poynting flux in the jets increases as the BH rotates faster. Forṁ = 1 (Fig. 6) , the maximum value of σ0 is 0.993, which is obtained at the innermost stable orbit for a BH spin parameter of 0.9982. (However, σ0 increases for higher spins but we limit here the value of the BH spin parameter to that of Thorne's model.) Forṁ = 10 −1.8 , which delimits the accretion power regime from the spin-down power regime, the initial magnetization parameter is larger than ∼ 5 for any a * > 0.95.
One can consider a relation between the magnetization parameter (Eq. 36) and the initial Lorentz factor of the jets of the form γ0 = σ 1/q 0 , where the value of the power low index depends on the magnetic field configuration. For a radial outflow with negligible gas pressure, q = 3 (Michel 1969) . For a collimated MHD jet, the value of q is also 3 if the flux distribution is the same (Fendt & Greiner 2001) . With the power low above, the jets can present a radial distribution of the initial Lorentz factor, which increases with decreasing radius. Note that γ0 differs from the bulk Lorentz factor of the jets (γ) that is defined below (Eq. 37), where it is assumed that the Poynting flux in the jets has been fully converted into kinetic energy flux.
The bulk Lorentz factor of the jets γ, defined by
[which follows, e.g., from Falcke & Biermann (1995) ; see also Vila & Romero (2010) ] is drawn in Fig. 7 as a function of the mass accretion rate. The jets have a relativistic speed of 0.9−0.995 c (or γ = 2−10, which is the typical bulk Lorentz Figure 8 . Rate of the disc angular momentum removed by the jets (Eq. 41) as a function of the BH spin parameter a * for four values of the mass accretion rate. The mass accretion rates from top to bottom are 1, 0.5, 0.1 and 0.01. The bottom curve represents the BH spin-down transferred to the disc inside the ergosphere by magnetic connection. Note that there is a slight difference between the two bottom curves (red and turquoise curves).
factor for an AGN jet) when the mass accretion rateṁ ∈ [10 −2.5 , 10 −1.8 ]; i.e., these jets correspond to the spin-down power regime. In the case of the accretion power regime, the jets are mildly-and sub-relativistic (γ < 2). There is no significant variation of γ with the BH spin parameter (a * 0.95) for a given mass accretion rate.
RATE OF THE DISC ANGULAR MOMENTUM REMOVED BY THE JETS
Now, we define the rate of the disc angular momentum removed by the jets as
Using the angular momentum conservation law (Eq. 10), the rate of the disc angular momentum removed by the jets can be written as
where the dimensionless specific angular momentum of the gas particle orbiting in the accretion disc is L † (r * ) = r Figure 9 . Efficiency of jet launching (Eq. 43) as a function of the BH spin parameter a * for different mass accretion rates. The mass accretion rates from the top to bottom are 0.0001, 0.001, 0.01, 0.01 and 1. For very low mass accretion rates,ṁ < 0.001, the BH spin-down becomes a very efficient mechanism of launching the jets via the accretion disc.
where C * and R * are defined by Eq. (33). L † sl * and L † ms * are the specific angular momentum of the gas particle (Eq. 40) evaluated at the stationary limit surface and at the innermost stable orbit, respectively. We can also write the disc angular momentum removed by the jets as the sum of two components, the accretion and the rotation parts,
(42) Figure 8 shows the rate of the disc angular momentum removed by the jets as a function of the spin parameter of the BH, given four values of the mass accretion rate (ṁ = 1, 0.5, 0.1 and 0.01), as well as the BH spin-down J rot jets (bottom curve). To know how this angular momentum is transported by the jets, further models must be employed.
EFFICIENCY OF JET LAUNCHING
We define the efficiency of jet launching as the ratio of the launching power of the jets to the total power that comes from the gravitational energy of the accretion disc and from the rotational energy of the BH. Thus,
In Fig. 9 , we plot the efficiency of jet launching for the range of the mass accretion rateṁ ∈ [0.0001, 1]. For very low mass accretion rates,ṁ < 0.001, the efficiency of jet launching reaches values close to unity, in which case the spin-down of the BH becomes a very efficient mechanism to launch the jets via the accretion disc. For the spin-down power regime, the efficiency of jet launching is higher than the maximal efficiency of converting the gravitational energy of the accretion disc into radiation (ε = 0.42), as a result of transferring the BH rotational energy to the accretion disc via BH-disc magnetic connection.
SPIN EVOLUTION OF THE BLACK HOLE
Theoretically, a Kerr BH can be spun up to a state with a spin parameter whose maximum value is a * = 1. As the spin evolves, a Kerr BH can achieve a stationary state. A theorem established by Hawking (1972) states that a BH is in a stationary state if and only if the BH is either static or axisymmetric. Suppose we have a Kerr BH. Perturbing fields can, however, deflect the spin orientation away from the symmetry axis. In this case, the BH must either spin down until a static (Schwarzschild) BH is reached or evolve in such a way that it aligns its spin with the perturbative field orientation.
Next, we study the BH spin evolution and seek the maximum spin parameter that corresponds to a stationary state of the BH, when both the BH-disc magnetic connection and the jet formation are considered. Thorne (1974) calculated the influence of photon capture on the spin evolution of the BH and found a limiting state of a * ,lim ≃ 0.9982. This limit does not apply to the model proposed here since the disc inside the BH ergosphere is not radiant, as in the case of Thorne's model. Instead, it drives the jets. We consider this limit only to determine the maximum value of the BH magnetic field, given at the time when the BH accretes at near the Eddington limit. Bardeen (1970) showed that the mass and angular momentum of the BH can be changed by the specific energy and angular momentum of the particles carried into the BH. The BH mass (and the angular momentum) variation equals the value of the particle specific energy (and angular momentum) at the innermost stable orbit multiplied by the rest mass accreted (dM0) if no other stress energy is allowed to cross the horizon. That is,
where E † ms and J † ms are the specific energy and angular momentum of the particles evaluated at the innermost stable orbit. Using Eq. (44), one can obtain the differential equation that describes the spin evolution of the BH due to matter accretion:
Now, we consider the magnetic extraction of the BH rotational energy through the BH-disc magnetic connection. The spin evolution law (Eq. 45) will be changed due to the counter-acting torque exerted on the BH by the magnetic field that connects the BH to the disc inside the ergosphere. The energy and angular momentum lost (or gained, depending on the angular velocities of the BH and disc, cf. Eq. 14) by the BH through the BH-disc magnetic connection are (e.g., Li 2002a):
where PHD = ΩHTHD, and the factor '2' comes from the fact that the accretion disc has two surfaces. Adding the effects of the BH spin-up by accretion (Eq. 44) and the BH spindown by magnetic connection (Eq. 46), the equations for evolution of the BH mass and the BH angular momentum become: Figure 10 . Spin evolution of a Kerr BH. The purple line represents the driving torque by which the matter spins up the BH (Eq. 45). The blue and green lines represent the counter-acting torque on the BH due to transfer of rotational energy from the BH to the disc (Eq. 50) forṁ = 0.1 andṁ = 0.01, respectively. For these two cases of the mass accretion rate, the stationary state of the BH corresponds to a * ≃ 0.9944 and a * ≃ 0.9762, respectively.
Using these two equations, we can express the BH spin evolution as
when both the BH spin-up by accreting matter and the BH spin-down due to the angular momentum transferred from the BH to the disc inside the ergosphere are considered. From Eqs. (45) and (49), the spin-down of the BH by means of BH-disc magnetic connection is described by Figure 10 shows the spin evolution of a Kerr BH for two values of the mass accretion rateṁ = 0.1 andṁ = 0.01, respectively. The purple line represents the driving torque by which the matter spins up the BH [Eq. 45; see also fig. 6 in Thorne (1974) ], and the blue and green lines represent the counter-acting torque on the BH due to transfer of rotational energy from the BH to the disc (Eq. 50) forṁ = 0.1 andṁ = 0.01, respectively. The crossing point of the plots corresponds to the spin parameter for which the BH is in a stationary state. Forṁ = 0.1, if the BH initially rotates with a * = 0.9982, the BH may spin down to a stationary state with a maximum spin parameter of a * = 0.9944. Foṙ m = 0.01, the maximum spin parameter is a * = 0.9762, whereas forṁ = 0.001, the maximum spin parameter is a * = 0.9525. Thus, as the mass accretion rate decreases, the maximum spin parameter corresponding to a stationary BH decreases as well. On the other hand, as the mass accretion rate decreases, the magnetic torque reaches values close to unity, so it is greater than 0.43, which is the maximum value of the matter torque. This implies deviations from pure Keplerian orbits, and so the possibility to drive away the excess angular momentum of the disc in the form of jets when the BH spin-down power is considered. A further analysis of the spin evolution (which is not explicitly shown in Fig. 10 ) suggests that a BH needs a mass accretion rate of at leasṫ m ∼ 0.001 for its spin to stay high (a * 0.95). For lower mass accretion rates (ṁ < 0.001), the BH may spin down continuously until the BH reaches a static state. It can spinup again to a * 0.95 if a large amount of matter is provided by accretion (or by merging, which is not discussed here). In this case, the amount of accreted mass should be a factor of about 1.84 from the initial mass of the BH (Thorne 1974) .
MAXIMUM LIFETIME OF THE AGN FROM THE BH SPIN-DOWN POWER
In this section, we calculate the time-scale needed for a Kerr BH to spin down from a * ∼ 1 to 0.95, which can then be related to the maximum lifetime of the AGN, provided that the BH was spun up to nearly its maximum spin during a phase when the AGN was active. The AGN can be active as long as the gravitational energy of the accretion disc is converted into observed radiation energy. Such an AGN can have a longer lifetime through the additional use of its BH spin-down power, despite having a very-low mass-accretion rate (ṁ < 0.1). Following the well-known work by Salpeter (1964) , the time needed to fuel the AGN to a bolometric luminosity L bol ∼ 10 45 erg s −1 can be ∼ 10 7 yr for a typical radiative efficiency of ε = 0.1. Moreover, the lifetime of high accreting AGN (and quasars) was constrained by recent observations to the range ∼ 10 7 − 10 8 yr (e.g., Porciani et al. 2004; Hopkins & Hernquist 2009 ).
Next, we estimate the maximum lifetime of the AGN. Differentiating the BH angular momentum J = M ca = (GM 2 /c) a * with respect to time t, the BH time evolution is specified by
Integrating this equation, the time interval over which the BH spin evolves between two given values of a * is
where (dJ/dt) can be obtained from Eqs. (48) and (50), and (dM/dt) from Eqs. (47) and (50). With the above equation, we can estimate the lifetime of the AGN. The time interval is not dependent on the BH mass.
In Fig. 11 , we plot the time evolution of the AGN as a function of the mass accretion rate (Eq. 52), when the BH spin parameter decreases from a * ∼ 1 to 0.95. For a mass accretion rate close to the Eddington limit, the lifetime of the AGN is about 3 × 10 7 yr. The lifetime curve moves toward lower mass accretion rates for another ∼ 10 8 yr, when the AGN uses its BH spin-down power to launch the jets. Therefore, the total lifetime of the AGN can be much longer than the Hubble time (tH ∼ 10 10.14 yr). The maximum lifetime of the AGN is, however, dependent on the mass accretion rate. The maximum lifetime of the AGN from the BH spin-down power is, for instance, ∼ 2.8×10 8 yr, ∼ 3.9×10 8 yr and ∼ 4×10 8 yr forṁ = 10 −2 ,ṁ = 10 −3 anḋ m < 10 −4 , respectively. In the latter case, the BH may not attain a stationary state and spins down until a static BH is reached. The lifetime of the AGN scales with the strength . Lifetime of the AGN from the BH spin-down power as a function of the mass accretion rate. The lifetime of the AGN is ∼ 3 × 10 7 yr when using the accretion power. The BH spin-down power adds to the lifetime of the AGN, for instance, 2.8 × 10 8 yr, 3.9 × 10 8 yr and ∼ 4 × 10 8 yr whenṁ = 10 −2 ,ṁ = 10 −3 anḋ m < 10 −4 , respectively (while the BH spin decreases from a * ∼ 1 to 0.95).
of the BH magnetic field relative to its maximum value as t ∼ (BH/B max H ) −2 . Therefore, if the BH is a factor of k lower than B max H , the maximum lifetime of the AGN will be a factor of k 2 larger. For instance, when k = 7 andṁ = 10 −2 , one obtains the exact Hubble time. Now, we compare our results to the lifetime of an AGN powered by the Blandford-Znajek mechanism. The total energy that can be extracted by the Blandford-Znajek mechanism is (e.g., Li 2000a):
The maximum rate of energy extraction by the BlandfordZnajek mechanism is [Eq. 4.50 of Thorne et al. (1986) ]:
for a BH with a * ∼ 1. Therefore, the lifetime of an AGN powered by the Blandford-Znajek mechanism is:
which is not dependent of the BH mass, as BH scales with (M/10 9 M⊙) −1/2 . Except for the exact time-scale, our result (Eq. 52) scales with the magnetic field and with the BH mass exactly the same way as for the Blandford-Znajek mechanism.
Moving back to our results, if the mass accretion rate changes over the whole life of the AGN fromṁ ∼ 10 −1.8 tȯ m < 10 −4 , the maximum lifetime of the AGN can be even longer than that of an AGN powered by the BlandfordZnajek mechanism. In summary, the maximum lifetime of the AGN can be much longer than ∼ 10 7 yr when using the BH spin-down power. The lifetime is dependent on the mass accretion rate, as well as on the factor (BH/B max H ). We mention that the results presented here refer only to rapidly-spinning BHs (a * 0.95).
SUMMARY AND CONCLUSIONS
Starting from the general-relativistic conservation laws for matter in a thin accretion disc, we included both the BHdisc magnetic connection and the jet formation. The jets are launched from the disc inside the BH ergosphere, where the rotational effects of the space time become much stronger. In the BH ergosphere, the frame-dragging effect ensures that the magnetic field lines frozen in the disc co-rotate everywhere with the BH, reducing the effect of magnetic reconnection and keeping the magnetic field configuration globally the same. Furthermore, the jets can extract mass, energy and angular momentum from the inside the ergosphere disc. For this situation, we derived the mass flow rate into the jets, the launching power of the jets, the angular momentum removed by the jets, the efficiency of launching the jets, the maximum spin parameter attained by a stationary BH and the maximum lifetime of an AGN.
• We found that the mass flow rate into the jets is dependent on the BH spin parameter, where the mass outflow into the jets can be associated with the rotation of the space-time itself. For near maximal spin parameter a * ∼ 1, the mass flow rate into the jets is about 98 per cent of the available mass flow in the disc inside the BH ergosphere, whereas for a * = 0.95 this is only about 8 percent. This means that in the case of maximal spin, the BH almost stops being fed by accreting matter. As a possible alternative, the jets may have no matter right at the beginning (i.e., they are Poynting flux jets) and get it only very quickly from drifts just above the disc or the surrounding wind (i.e., indirectly from the disc). This may only be relevant for extremely low accretion rates.
• In this work, we considered the case of rapidly-spinning BHs with a spin parameter of a * 0.95 and a mass of 10 9 M⊙, and we assumed that the power of the disc inside the BH ergosphere is used to drive the jet. We found that at low mass accretion rates, the jet power can be supplied by the BH rotational energy via the disc inside the ergosphere. The switch from an accretion power regime to a spin-down power regime corresponds to a mass accretion rate ofṁ ≃ 10 −1.8 . In the case of the spin-down power regime (ṁ < 10 −1.8 ), the jet power is ∼ 10 45 erg s −1 , which is only 10 −2 of the Eddington luminosity of a 10 9 solar mass BH. This is comparable to the maximum rate of energy extraction by the Blandford-Znajek mechanism, which is ∼ 10 45 erg s −1 for a BH mass of 10 9 M⊙ and a * ∼ 1. This implies that, in principle, both the Blandford-Znajek mechanism and launching jets from the disc inside the ergosphere via the BH-disc magnetic connection can operate. We intend to study the driving of the jets when the BH is threaded by a combination of open and closed magnetic field lines in future work.
• The jets can have a relativistic speed, 0.9 − 0.995 c (or γ = 2 − 10, which is the typical bulk Lorentz factor for an AGN jet), when the mass accretion rateṁ ∈ [10 −2.5 , 10 −1.8 ]. In the case of the accretion power regime, the jets are mildlyand sub-relativistic. However, after launching the jets can be accelerated through magnetic processes. The jets remove the angular momentum of the disc inside the BH ergosphere at a rate which is dependent on the BH spin parameter. To know how this angular momentum is transported by the jets, further models have to be employed. The efficiency of jet launching is higher at low mass accretion rates, reaching values close to unity forṁ ∼ 10 −4 . In this case, the BH spin-down power is efficiently used to launch the jets.
• Considering the balance between the BH spin-up by accreting matter and the BH spin-down due to the magnetic counter-acting torque on the BH, we determined the maximum spin parameter which corresponds to a BH stationary state. The maximum spin value shifts towards a * = 0.95 as the mass accretion rate decreases. For instance, the maximum spin parameter corresponding toṁ = 0.1,ṁ = 0.01 andṁ = 0.001 is a * = 0.9944, a * = 0.9762 and a * = 0.9525, respectively. At lower mass accretion rates (ṁ < 0.001), the BH may undergo a spin-down process towards a static BH. The BH never reaches a stationary state unless a large amount of matter is provided (perhaps by star capture or by merging) to spin up the BH again to a * 0.95.
• We showed that an AGN can have a much longer lifetime than ∼ 10 7 yr when using the BH spin-down power, and the maximum lifetime is dependent on the mass accretion rate, as well as on the factor (BH/B max H ). After an accretion-dominated phase of about 3 × 10 7 yr, the AGN can live off of the BH spin-down power for another 10 8 yr. The BH spin-down power adds to the lifetime of the AGN, for instance, ∼ 2.8 × 10 8 yr, ∼ 3.9 × 10 8 yr and ∼ 4 × 10 8 yr forṁ = 10 −2 ,ṁ = 10 −3 andṁ < 10 −4 , respectively. Moreover, if the BH is a factor of k lower that B max H , then the lifetime of the AGN will be a factor of k 2 larger. For k = 7 andṁ = 10 −2 , one obtains the exact Hubble time. Another possibility is that the mass accretion rate changes over the whole life of the AGN fromṁ ∼ 10 −1.8 toṁ < 10 −4 . In this case, the maximum lifetime of the AGN can be even longer than that of an AGN powered by the BlandfordZnajek mechanism, which is ∼ 5 × 10 9 yr for a BH with a * close to the maximal value. However, it will be difficult to predict a maximum lifetime of the AGN for this possibility, since there is no mechanism, to date, to control the change of the mass accretion rate over long intervals of time.
In the limit of the BH spin-down regime, the model proposed here can be regarded as a variant of the BlandfordZnajek mechanism. It is a variant of the Blandford-Znajek mechanism if an insignificant fraction of the rotational energy is transported away by jets through open magnetic field lines that thread the BH. If we were to consider the open magnetic field lines in addition to the closed magnetic field lines that thread the BH, our calculations would have been completed such that they would include the BlandfordZnajek mechanism.
The results presented in this paper are dependent on our assumptions that a BH-disc magnetic connection exists. Closed magnetic field lines in the BH ergosphere may be produced by a current ring in the vicinity of the BH. Models for the magnetic connection where a poloidal magnetic field is generated by a single electric current flowing in the BH equatorial plane or at the inner edge of the accretion disc were proposed, for instance, by Li (2002c) and Wang et al. (2007) . The key parameters of the proposed model are, however, the BH mass, the BH spin and the mass accretion rate.
One indirect way to test whether this mechanism operates in reality is to study the relation between the observed radio flux density from AGN (e.g., from flat-spectrum core sources) and their mass accretion rates in order to fit the model prediction with respect to the relation between the power of the jet and the mass accretion rate (see Fig. 4 ). That relation shows that the power of the jet does not depend linearly on the mass accretion rate all the way down to very low accretion rates, so that there can be sources with relatively strong jet power but low mass accretion rate. In this case the jet power is mainly dependent on the BH parameters, such as the mass and the spin of the BH. The first step is to find a relation between the power of the jets and the observed radio flux density, F obs . For a conical jet (where the magnetic field along the jet scales with the distance, B ∼ z −1 , and the electron number density in the jet scales as C ′ ∼ z −2 ) from a flat-spectrum core source, we found the dependence: Pjets ∼ F 6/5 obs D 12/5 M −7/10 , where D is the distance to the AGN and M is the BH mass. A full description of its derivation is the subject to a paper in preparation. The second step is to produce a complete sample of AGN with known jet parameters, as the Doppler factor, and whose mass accretion rate can be constrained by observational data, and then to fit the model prediction.
Furthermore, if AGN were in the Poynting flux limit disregarding the mass accretion rate, then one might expect that the power in the jet from a large sample runs into a lower limit, which is given by the minimum Poynting flux.
The model presented here can also be extended to microquasars assuming that physical quantities (e.g., BH magnetic field, jet power, etc.) scale with the BH mass.
Although numerical simulations of jet formation from the ergosphere of a rapidly-spinning BH with closed magnetic field lines that connect the BH to the disc inside the ergosphere has not been performed yet, this can be one of the challenges to be faced by numerical relativists.
